Grain size and precipitates have a significant effect on the mechanical properties of steels and it is desirable to be able to characterise these in a non-destructive manner. Grain and precipitate sizes and their spatial distributions in both an extra-low-carbon steel and a laboratory model steel have been individually varied and compared with a variety of characteristic magnetic parameters measured from major and minor magnetisation loops. These magnetic parameters are shown to be very sensitive to grain size distribution when there are no precipitates within the grains. However, the magnetic parameters exhibit complex behaviours with precipitate size distribution, which is linked to a critical precipitate size for effective pinning and another critical precipitate size for strongest pinning to domain walls. The interaction between grain size and precipitate distribution effects on the minor loop properties in the studied steels are discussed.
Introduction
Non-destructive evaluation (NDE) of steel microstructure using electromagnetic (EM) sensors can be used for process control during fabrication or damage monitoring in-service since microstructural features, such as grain size, phase balance, precipitation etc., affect the magnetic response. The use of the magnetisation (BH) curves, and in particular their major and minor loops, for the assessment and NDE of ferritic steels has gained increasing consideration over the past decade e.g. for inspection of cold rolling [1, 2] , creep [3] and degradation (fatigue) [4] in a range of steels. Whilst there has been significant work on developing empirical relationships between major/minor loop measurements and mechanical properties, it is invariably necessary to look at the microstructures in order to interpret and make better use of these relationships. The dependence of coercivity on grain size has long been reported to be an inverse linear or an inverse square root relationship, i.e. coercivity linearly increasing with the reciprocal of grain size or the reciprocal of the square root of grain size, based on experimental data [5, 6] as well as theoretical calculation [7, 8] . Landgraf et al. [6] reported generally inverse linear dependence for electrical steels and compared their results with the literature data. More interestingly, they took notice of the influence of the grain size distribution breadth, which had often been overlooked in the past, although recently modelling work has been reported for grain size distributions on low field permeability [9] . It is often beneficial to be able to characterise the microstructural feature distribution, as opposed to single microstructural parameters e.g. grain size distribution rather than average grain size, to give better understanding and prediction of the microstructure-property relationship.
Major/minor magnetisation loop measurements have proved sensitive to the distribution of microstructural features such as precipitates, grain boundaries and dislocations in complex microstructures, e.g. in power plant steels [10] , and have the potential of being used to look at selected microstructural features of interest, for example, through minor loop measurements at different points within a larger magnetisation cycle by applying bias fields. More often than not, it is challenging to separate the effect of one type of microstructural feature from the other. For example, grain size effect may appear insignificant on some major loop properties i.e. coercivity or remanence when there are other microstructural features within grains (such as precipitates or dislocations) or there is a significant amount of second phase, as seen in some carbon or high-alloy steels [11, 12] . However, even in these cases, grain boundaries are still expected to interact with the processes of domain wall (DW) movement or domain rotation. One may capture these effects by minor loop properties for a certain range of amplitudes or bias fields. In this paper, we have been able to vary and characterise grain size distributions and the precipitate distributions within the grains individually and establish a fundamental and quantitative link between these two individual microstructural variables and the relevant magnetic properties by major and minor loop measurements. This fundamental study will help separate their individual effects, rather than inferred effects from complex microstructures, so as to facilitate the application of this technique to the NDE of selected microstructural features of interest.
Materials and experimental details
An extra low carbon (ELC) steel with 0.003 wt% C was normalised at 1000°C, 1100°C and 1200°C for half an hour to obtain different grain size distributions. Three rod samples of 5 mm in diameter and 50 mm length in the different conditions, referred to as ELC-T1000, ELC-T1100 and ELC-T1200 respectively, were received from our partners (see Acknowledgement) together with the grain size data (equivalent circular diameter distributions) that had been obtained by Electron Backscatter Diffraction.
A model laboratory steel (referred to as CuLS), featuring high Cu and S and extra-low C content, was produced with a microstructure consisting of very coarse ferrite grains and many precipitates within the grains in the as-cast condition. The chemical composition of the steel is given in Table 1 . A series of as-cast bar specimens measuring about 100 mm × 10 mm × 10 mm were made and then heat treated as described in Table 2 to vary the grain size and the precipitate distribution. Rod samples, 5 mm in diameter and 50 mm length, were machined for the hysteresis measurements. Metallographic samples were polished to a 0.05 μm finish with colloidal silica and then etched in 2% nital. Optical microscopy and Field Emission Gun Scanning Electron Microscopy (FEG-SEM) were used to characterise the microstructure. Grain boundaries in optical micrographs and outlines of precipitate particles in SEM micrographs were reconstructed using Image Pro Plus. The average length of diameters measured at 2°intervals passing through the object's centroid were taken as the equivalent circular diameter (ECD) of grains or particles. The nearest neighbour spacing between the precipitate particles were computed from the X and Y coordinates of the mass centre of the particles. Energy Dispersive X-ray Spectroscopy (EDX), equipped in FEG-SEM, were used to analyse the composition of the precipitates in the CuLS samples.
An in-house BH Analyser developed at the University of Manchester, described in [13] , was used for BH loop measurement. A magnetic field was applied using a silicon-steel U-core with two excitation coils wrapped around the legs and driven by two power amplifiers fed with a low frequency time varying signal. The machined cylindrical sample was fitted into a slot in the core, to maximise coupling between core and sample. The axial applied field (H) was measured using a sensitive (0.16 mV/mAmT) Quantum Well Hall sensor, also developed at the University of Manchester. The axial flux density of the induced field (B) was measured using a 30-turn encircling coil connected to an instrumentation amplifier. A 1 Hz sinusoidal excitation was used for the measurement of the major loops and the minor loops without a bias field and 10 cycles were recorded and averaged.
Microstructures

Extra low carbon steel
All the ELC samples have a simple microstructure consisting of only ferrite grains. Fig. 1 shows the different grain size probability distributions. The ELC-T1000 sample exhibits the narrowest size distribution amongst the three samples with an average grain size at 19 μm and a standard deviation of 11 μm and a mode at 14 μm. As the normalising temperature increases the grain size distributions broaden significantly. As a result, the average ECD grain size and the standard deviation approximately doubled for 1100°C and doubled again for 1200°C. Fig. 2 and Fig. 3 show the microstructures and the grain size distributions respectively for all the CuLS samples. The as-cast microstructure shows very coarse ferrite grains with a very broad size distribution (average size ± 162 143 μm). Subsequent normalising heat treatments significantly refined the grains giving an average ECD grain size of approximately of 25-35 μm and a much narrower size distribution than the as-cast material. The grain size distributions for all the as-normalised samples are similar. Thus, the major microstructural differences between the as-normalised CuLS samples are the precipitate sizes and distributions. Fig. 4 shows typical precipitates present in the as-cast sample including some very coarse (Mn,Cu)-S particles, with Cu-rich phase coprecipitating around them, as illustrated in the element mapping shown in Fig. 5 , and many fine particles. The bi-modal precipitate size distribution is qualitatively in agreement with the literature e.g. [14, 15] . The fine particles show significant variability in composition, particularly the S content: some particles are relatively rich in S, Mn and Cu with different (Mn + Cu):S ratio, collectively referred to as (Mn,Cu)-S; the other particles are either free of, or poor in, S (<0.01 at.%) and have similar EDX spectra as the matrix. These S-poor particles are, in general, slightly finer than the fine (Mn,Cu)-S ones. Fig. 6 plots the atomic percentage of (Mn + Cu) content as a function of that of S for a number of typical precipitates that are smaller than 0.5 μm in ECD for all the CuLS samples, with the colour of data points mapped to the precipitate size. The number density of the particles larger than 0.5 μm is two or three orders of magnitude lower than the finer precipitates. Their size and number do not change and hence any influence on the magnetic properties will remain constant in all the samples. Please note the S-free particles are excluded from < < x 0 1), based on the fact that they occur around the (Mn + Cu):S= 0.5 trend line in Fig. 6 and also the literature [15] reporting fine (Mn,Cu)S x 2 particles found in similar as-cast (Cu,S)-rich low carbon steels. Neither these (Mn,Cu)S x 2 particles nor the S-free ones are detected in the as-normalised samples, which indicates they are metastable phases probably resulting from the fast kinetics of precipitation during casting. The coarse (Mn,Cu)-S particles formed in the solute-rich inter-dendritic region before final solidification and hence were able to grow very large. They are relatively stable and not expected to coarsen during the subsequent normalising heat treatments. In contrast, the fine particles, having precipitated at lower temperatures, are less stable and have coarsened during the normalising heat treatments, as can be observed in Fig. 7 . The images have been intentionally selected to show the similar size of the large particles. The majority of the coarse particles (>0.5 μm) in the as-normalised samples are identified as (Mn,Cu) S or (Mn, Cu)
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0.4) according to the dashed lines for different (Mn + Cu):S ratios in Fig. 6 , which is also in good agreement with the literature [15] [16] [17] [18] . The finer particles (<200 nm) in the as-normalised samples, however, exhibit certain variability in the (Mn + Cu):S ratio, as can be observed in Fig. 6 , and are also collectively referred to as (Mn,Cu)-S. Note that they are all nonmagnetic and hence can be treated as the same type in terms of their pinning effects to DWs. Fig. 8 shows the precipitate size (d p ) and inter-particle spacing (characterised as nearest neighbour spacing, referred to as l nn ) distributions in the form of a probability density function (PDF) and a cumulative distribution function (CDF) for the as-normalised samples. It should be noted that the very coarse (Mn,Cu)-S particles are too large and few in number to be shown on these distributions. There appears to be a very slight d p broadening with insignificant change in l nn distribution after a five-minute normalising (1N5min). It is therefore safe to say that major microstructural change between the as-cast and 1N5min samples is in the grain size distribution, as expected of such a short normalising heat treatment. There is a broadening of both d p and l nn from 1N5min to 3N5min, which indicates precipitate coarsening has occurred during the initial short multiple normalising cycles. In the next stage between the 3N5min and the 3N30min, d p continues increasing whilst l nn remains more or less constant. This would be consistent with the fine (Mn,Cu)-S precipitates growing larger by changing their composition, in particular enrichment of Mn [15] , rather than coarsening by consuming their neighbours. There is again a significant broadening of both d p and l nn distribution after eight hours of normalising, which indicates coarsening is dominating as the (Mn,Cu)-S become compositionally stable. The 3N3h appears to be in the transition between an alloying-dominating (change in composition) and a coarsening-dominating stage, as indicated by the emergence of double peaks in the l nn distribution, as can be seen in Fig. 8(c) . These behaviours are evidenced by Fig. 9 showing the Mn:
(Mn + Cu) ratio probability distribution for the fine precipitates smaller than 500 nm shifting from the Cu-rich region to the Mn-rich direction for normalising up to 3N30min; and, after eight hours of normalising, settling where Cu and Mn are more balanced near the Mn-rich region probably between 0.5 and 0.9 (Fig. 9) ; and at the same time where the (Mn + Cu):S ratio, in general, is converging to the more stable values between 1.6 and 2, as can be observed in Fig. 6 . The total area fraction ( ) and number density per unit area (N a ) for the precipitates of d 0.5 p μm are given in Table 3 . Fig. 10 (a) shows the major loops for the ELC steel samples. It should be noted that the samples were magnetised to near technical saturation by applying a field of approximately 35 kA/m whilst only the [ 5kA/m, 5kA/m] region is shown in Fig. 10 (a) . The properties extracted from the major loops including coercivity, H c , remanence, B r , and hysteresis loss (the area encircled by a major loop), W h , are given in Table 4 . H c values decrease with the average or mode of grain size by a power law with an exponent at approximately 0.5 or 0.15 respectively and a negative pre-exponent constant for the ELC steels, as shown in Fig. 10 (b) , which is qualitatively in agreement with the literature [5, 6] reporting H c decreasing with average grain size also by a power law but with a different exponent at 1 or 0.5 and a positive pre-exponent constant. These empirical relationships as well as some theoretical predictions [8, 7] 120 μm) that covers the grain size range in this paper, was obtained using electrical steels with intra-grain precipitates present in all the samples and unavoidable texture in some of the samples. H c is the applied field strength under which irreversible domain processes most frequently occur. Thus, it is fundamentally more logical to correlate H c with the mode than the average of grain size. W h , however, representing a cumulative result of all the irreversible domain processes over a major loop cycle, is collectively affected by all the grains and therefore should be correlated with the average grain size. The W h values for the ELC samples decrease with the average grain size by a power law at an exponent of 1.57 as shown in Fig. 10 (c) . The B r values are hardly distinguishable between the samples considering the scatter as can be seen in Fig. 10 (c) and Table 4 . Fig. 11 shows major loops for all the CuLS samples. The extracted values of the major loop properties are given in Table 4 . Despite significant difference in grain size distribution and similar precipitate distribution between the as-cast and the 1N5min sample, their major loop property values are very close. The loss of sensitivity to grain size distribution indicates that the precipitates play a more significant role in determining these properties when a significant number of them are present within the grains. Nevertheless, grain boundaries and grain orientations are still expected to affect the irreversible domain processes. The critical field associated with grains still contribute to the general critical field distribution and may affect the components associated with other microstructural features within the grains. We refer to this critical field as pinning strength f pin for conciseness although it is not necessarily associated with a DW pinning event, more of a macroscopic descriptor of domain pinning effects. These complex effects cannot be explicitly captured by the major loop properties but may be characterised by minor loop measurements, which will be discussed later.
Major and minor loop properties and their links to microstructures
Major loop properties and linkage to microstrutural parameters
Extra low carbon steels
CuS-rich laboratory steel
Non-magnetic intra-grain precipitates influence coercivity by pinning DWs due to DWs' strong tendency to stick to a precipitate to reduce the wall energy after Kersten [19] or due to the internal magnetic poles in a precipitate redistributing themselves when being passed by a DW to minimise magnetostatic energy after Neel [20] . Strongest pinning occurs where the precipitate size d p is comparable with the DW thickness, which was reported to be around 120 nm in ferrite phase in carbon steels [21] . The number density of precipitates, N a , also affects the pinning as a DW can be pinned by more than one precipitate at the same time. Combining both effects yields H N d c p a p 1/2 2 following Kersten's model [19] or an empirical relationship reported in [22] . may be attributed to the fact that a significant number of precipitates has reached a critical size 120 nm i.e. comparable with the DW thickness, and hence their pinning effects start weakening with further coarsening. The initial increase of B r is expected from the coarsening of precipitates reducing the number density of magnetic free poles and hence their contribution to demagnetisation; the latter decrease may be attributed to the fact that some of the precipitates have grown large enough (i.e. approximately 200 nm [8] , as seen in Fig. 8 for the 3N8h sample) for closure domains to form around them, which promotes demagnetisation and hence decreases B r . It has been shown that major loop properties are sensitive to an average or a total value of microstructural parameters, as opposed to a distribution, as a result of cumulative effects of all microstructural features. There may be an indication of microstructural feature distribution in the shape of a major loop, particularly near its shoulder or knee (Fig. 11) . For example, a broad distribution of a high density of dislocations within grains results in a rounded shoulder whilst recovery by annealing narrows the distribution of DW-pinning features and increases the major loop squareness [23] . However, such shape changes cannot be easily and quantitatively characterised. Besides, when there is more than one type of microstructural feature present, their effects on the major loop properties cannot be separated. Fig. 13 shows a typical series of minor loops with increasing amplitudes. The inset illustrates the definition of a set of minor loop properties including incremental permeability µ , minor coercivity H c m , minor remanence B r m and minor hysteresis loss W h m , defined by analogy with their major loop counterpart to characterise the minor loop behaviours. Fig. 14 shows the minor loop properties as a function of the minor loop amplitude for all the ELC samples. The µ profiles feature a single peak that can be characterised by its peak value, µ max , peak position, H , and the peak width at the half maximum, H fwhm and they all fit well with a multi-term Gaussian function, as can be seen in Fig. 14 (a) . The peaks occur approximately where the minor loops transit from a lenticular shape to a sigmoid shape typical of a major loop. Similar behaviours were previously reported on other ferromagnetic steels e.g. power plant P9 and T22 steels in different heat treated conditions [10] . The µ value at 35 A/m, approximately one thousandth of the major loop amplitude, was taken to characterise the low-field or near-initial permeability, referred to as µ ni , as illustrated in Fig. 14 (a) . The values of these characteristic parameters are given in Table 4 . Fig. 15 shows these magnetic parameters as a function of corresponding microstructural parameters that characterise grain size distributions. Both µ ni and µ max monotonically increase with average grain size. The latter shows a higher sensitivity than the former as can be observed in Fig. 15 (a) . At very small amplitudes such as the one for µ ni , predominant domain processes are 180°DWs oscillating between two equilibrium positions under the applied field of H /2 and H/2 respectively. The oscillation can be translational motion or bending back and forth if the DW is treated as being rigid or flexible respectively. In either model, µ ni is influenced by the mean free path (MFP) to DW motion, which is determined by the average grain diameters of all grains. As H increases there will be increased coordination in the domain movement behaviours between some adjacent grains owing to the increased influence of the applied field, which effectively weakens the effect of the grain boundary as if these domains passed through the grain boundaries whose < f H/2 pin . These passed grain boundaries during minor loop cycles are not affecting µ any more. That is, µ is only sensitive to the grain boundaries that are effectively pinning DWs. Since f pin is inversely proportional to grain size [8, 7] those larger than a critical size, determined by the corresponding f pin , are therefore separated out. It follows that µ is effectively sensitive to a truncated grain size distribution; an amplitude sweep is equivalent to truncating a grain size distribution from right to left (see Fig. 1 (a) ). Note the probability density of a truncated distribution is scaled up. This accounts for a higher sensitivity of µ max than µ ni to average grain size. H and H fwhm decrease with the mode and standard deviation of the grain size distributions respectively as shown in Fig. 15 (b) and (c) .
Minor loop properties and linkage to microstructural feature distributions
Extra low carbon steels
These behaviours and their consistency manifest a strong link between microstructural feature distributions (i.e. grain size distribution in this case) and incremental permeability profiles. The fundamental reason is that the latter can be mapped to the f pin distribution, which has been explained in detail in our previous paper [10] . In short, the broader a grain size distribution the narrower its associated µ profiles (please note that the breadth of a µ profile is quantitatively characterised by its H fwhm value in this paper). Thus, one can characterise grain size distribution using µ profiles by minor loop measurements. Although the truncated portions of the grain size distribution are separated out in µ they are still actively affecting irreversible domain processes during a minor loop cycle and hence collectively effect the minor loop shape and other minor loop properties including H B , Table 5 . All these constants show either a similar or inverse trend to the grain size distribution parameters. Similar to the f pin distribution being mapped to µ profiles its cumulative distribution can be mapped to other minor property profiles since these properties reflect a cumulative result of the irreversible domain processes during a minor loop cycle. It follows that one can characterise the cumulative microstructural feature distribution using the H B , Instead of truncating the PDF of a grain size distribution, these properties are actually sampling grains by swiping the CDF from right to left. This explains why the low-amplitude values of these properties increase with average grain size because more grains in the broader distributions are sampled as can be observed in Fig. 1 (b) . As the amplitude increases more grains are sampled at a rate similar to the tangent slope of the cumulative distribution profiles. That is, the broader the grain size distribution, the higher values these properties start with (at low amplitudes), and the lower the rates of increase with amplitudes. Eventually, the trend inverses. Fig. 16 shows the minor loop properties as a function of amplitudes for all the CuLS samples. Similarly, their µ profiles feature a single peak and H c m exhibit different behaviours between the low-and the high-amplitude region. The as-cast sample stands out with consistently greater µ values than the 1N5min sample for most of the amplitudes, the greatest µ max and the smallest H and H fwhm (see Table 4 ), or in other words, the narrowest µ profile, amongst all the CuLS samples. There is continuous broadening of µ profiles for the as-normalised samples for normalising up to 30 min, indicated by a decreasing µ max and an increasing H and H fwhm . Major changes occur over the low and medium amplitudes whilst the high-amplitude µ remain more or less constant in the stage between 1N5min and 3N30min. There is then a significant increase in µ max accompanied by a decrease in H fwhm , or a narrowing of µ profiles, in 3N3h, but then again a broadening in 3N8h, with major changes occurring over the medium-high amplitudes in the next stage between 3N30min and 3N8h. However, H remains more or less constant in this stage. Fig. 17 shows the µ ni and the µ max values as a function of the mode or average value of precipitate size. µ ni initially decreases with mode
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of precipitate size until they reach a minimum around 55 nm or 105 nm respectively, followed by a slower increase. The initial decrease of µ ni can be attributed to a coarsening of the very fine precipitates that were too small to effectively pin DWs that turns them into effective pinning features, which results in a decrease in the MFP to DW motion. As a majority of precipitates become large enough to pin DWs, under the small amplitude for µ ni , further coarsening consumes more DW-pinning precipitates than it turns into effective DW-pinning precipitates, which increases the MFP to DW motion, and hence µ ni starts increasing. In short, the µ ni behaviour indicates there is a critical precipitate size to a certain field, d 0 , below which precipitates are not effectively pinning DWs. One may expect d 0 to have the following properties: (a) it should initially increase with the applied field; (b) it should be additive; that is, when many small precipitates are pinning DW together, d 0 should be considered as the equivalent size to their total area since the area intersecting with a DW (according to Kersten's theory) or the number of associated magnetic free poles (according to Neel's theory) are additive. Moreover, there is reportedly a critical precipitate size, d c , where precipitates have strongest pinning strength to DWs; d c was believed to be close to the Bloch wall thickness [21, 24] . We map f pin to precipitate size distribution as follows taking into account these behaviours:
1. As a first approximation, but not a necessary condition, we assume [25] , the d p and d p value, where minimum µ ni and µ max occur and a reported critical size (120 nm), for non-magnetic spherical cementite precipitates within ferrite grains in carbon steels, where maximum coercive force occurs [21] . 3. Compare the trends for f pin peak positions as a function of H . As explained in our previous work [10] f pin peak positions should be proportional to H and will be referred to as relative H . However, µ max is affected by not only f pin peak height (affecting how many DWs are moving) but also the interaction range (affecting how much the DWs move). The latter is influenced by inter-particle spacing distribution and grain size [10, 26] and µ max behaviours observed in Fig. 17 (b) . As can be seen in Fig. 16 (a), the major difference between the 1N5min, 3N5min and 3N30min samples lies in the region to the left of the peak for 3N30min whilst the major difference between the 3N30min, 3N3h and 3N8h lies in the region to the right of peak for 3N30min. This accounts for the aforementioned similar µ behaviours as can be observed in Table 5 . Similar to the observed links to grain size distribution parameters for ELC samples, these fitting coefficients, independent of minor loop amplitude, are expected to be a function of precipitate distribution parameters. Fig. 20 shows the pre-exponent coefficient c 1 for the high-amplitude H c m increase with d p fitting very well with a power law relationship. This fitting coefficient may be used to indicate the mode value for precipitate size. No strong link has been identified between the other coefficients and the precipitate distribution parameters probably due to the complexity of the underlying function and/ or scatter in the magnetic measurements and microstructural quantification. In the same spirit, Takahashi [1] and Kobayashi [3] first used some fitting coefficients between different minor properties, which are valid for a limited range of amplitudes, to indicate mechanical properties e.g. hardness and ductile-brittle transition temperature linked to dislocations in carbon steels and internal stress linked to Cu-rich precipitation in nucleation reactor pressure vessel steels. The present work sheds light on the underlying mechanism of this approach -the microstructural feature distribution governing the f pin distribution and the interaction range after irreversible domain processes. Fundamental studies from first principles may be needed to fully understand the physical meaning of these coefficients.
Discussion on interaction between grain size effects and the precipitate effects
There is approximately 20% and 11% difference in µ ni and µ max respectively between the as-cast and the 1N5min sample corresponding to a very slight d p broadening but significant grain refinement. There is up to almost the same percentage of change in these magnetic properties between as-normalised CuLS samples corresponding to much more significant changes in precipitate distribution with similar grain size distribution. Thus, the significant difference in the µ profiles between the as-cast and the 1N5min sample ( Fig. 16 (a) ) should be principally attributed to grain size distribution (Fig. 3) effects. We have shown that grain size has strong influences on the µ profile when there are no precipitates or any other significant microstructural features within the grains as in the ELC samples. We shall then discuss what roles different grain size distributions play when there are similar distributions of precipitates present; and what roles the similar distributions of precipitates play when they are in grains of different size distributions.
Consider a 180°DW being pinned by precipitates in a grain. The origin of f pin is twofold. First, the DW has to overcome the local potential wells associated with the precipitates. Second, DWs are subject to potential wells due to the magnetostatic energy associated with all the other grains of different orientations with the neighbouring grains having strongest influence. The smaller the grain size, the more grains with different orientations in a given volume there are and hence the deeper potential wells (higher f pin ) are to be overcome. It follows that grain size distribution can alter the f pin distribution associated with the precipitates within grains. In contrast the other precipitates that are not pinning the DW are not expected to contribute much to the magnetostatic energy and hence the f pin considering their small volume fraction. The shape of the f pin distribution is dependent on the number density of local potential wells associated with precipitates, i.e. the number density of precipitates, and the number density of the potential wells associated with the grains. The typical 180°DW spacing for the CuLS samples, measured from the Bitter domain patterns without an applied field, as shown in Fig. 21 , using the method described in [28] , is in the order of several microns. It is worth noting that the Bitter pattern is on a 2D surface whilst the spacing in the 3D bulk may be different. However, it is still safe to say that the number density of DWs is estimated to be about three or four orders of magnitude lower than the number density of precipitates. In this case, the shape of the f pin distribution will be dictated by the precipitate distribution whilst the predominant role of grain size distribution is to shift and scale the precipitate f pin distribution. Therefore, narrower µ profile and smaller H of the as-cast sample than the 1N5min sample can be attributed to a larger and broader grain size distribution (and hence narrower associated f pin distribution) of the as-cast sample shifting the f pin distribution associated with precipitates to the left and at the same time making it narrower. In the meantime, the interaction range or the MFP to DW motion may be determined by grain size considering many precipitates may be too small to effectively pin DWs making the effective interparticle spacing greater than the width of potential wells associated with grains. In this case or at high amplitudes, the MFP is grain size limited.
In the case of a very low number density of precipitates in a smaller and narrower grain size distribution (and hence higher number density of associated potential wells and broader f pin distribution), the shape of the f pin distribution may be dictated by the grain size distribution, whilst the precipitates are expected to play an insignificant role. The very coarse (Mn,Cu)-S particles have a very low number density and hence are expected to play an insignificant role in the shape of f pin distribution.
Conclusion
Major loop properties including coercivity, H c , and the hysteresis loss, W h , are sensitive to grain size when there are no precipitates within the grains but become more or less insensitive to grain size when there are a significant number of precipitates within the grains. H c and the remanence, B r , show some sensitivity to average precipitate size and number density.
Characteristic magnetic properties/ parameters extracted from minor loops of a series of amplitudes including low field permeability, µ ni , maximum incremental permeability, µ max , and the amplitude where µ max occurs, H , have proved sensitive to the grain size and precipitate distributions in the studied steels. The results indicate that there is a critical precipitate size, d 0 , for effective pinning to domain walls that increases with the minor loop amplitude and there is another critical precipitate size, d c , where the precipitates are most effectively pinning domain walls. d 0 and d c were found to be approximately 30 nm and 105 nm respectively for the studied Cu-rich extra-low-carbon laboratory steels. The minor coercivity, minor remanence and minor hysteresis loss increase with the field amplitude by a power law at low amplitudes and a bi-exponential relationship at medium and high amplitudes. Some fitting coefficients exhibit strong links to grain size or precipitate size distribution parameters. It has been demonstrated that incremental permeability profiles and the fitting coefficients for the other minor property profiles can be used to indicate grain size and precipitate distributions.
